The potential energetic performance of fuel ingredients for the use in the solid fuel ramjet is presented in terms of the enthalpy of combustion per unit mass and per unit volume of the fuel. Combustion phenomena and combustion efficiency are briefly discussed, but are not accounted for in evaluating the theoretical fuel performance.
Nomenclature

Introduction
The objective of this study was to present an overview of the potential energetic performance of chemical fuel ingredients for application in solid fuel ramjet (SFRJ) power plants or in other air augmented (air breathing) chemical propulsion devices.
The study provides a summary of existing thermochemical data /1 -15/, which gives basis for selection of high-energy material candidates, and compares their energetic performance to that of common hydrocarbon (HC) fuels.
Some aspects of practical use, e.g., handling, toxicity, fire hazard, and cost are also discussed.
Detailed description of the combustion phenomena was not the goal of this study. However, one should be aware of the combustion processes, mass of fuel, -AH°R, may be the main factor in selecting the appropriate fuel combination.
A basic discussion on the fundamentals, applications and constraints of SFRJs is given in Ref. /16, 17/.
Summary of Combustion Phenomena in SFRJ
A schematic diagram of a common-configuration-SFRJ-combustor is shown in Figure 1 . Also shown in the figure are the main flow and combustion features.
The combustor is basically a hollow cylinder in which a cylindrical fuel grain, often with circular port cross-section, is placed. Incoming air flows through the fuel port. An often used combustor geometry consists of a number of different regions and features: (1) the head end with the air inlet and rearward facing step, (2) the main combustor section where the fuel grain is placed, (3) the aft mixing chamber (downstream of the fuel grain) where reaction between fuel and air is completed due to better mixing, and (4) the exit nozzle.
Most often SFRJs employ hydrocarbon (HC) fuels, usually polymers, e.g., polybutadiene (PB), polyethylene (PE), polymethylmetacrylate (PMM -"Plexiglas"), etc. The heat feedback from the flame to the fuel causes vaporization or decomposition of the fuel. The gaseous fuel products of this process react with the air and bum in the gas phase.
In general a boundary layer flow is established along the fuel grain, downstream or flow reattachment. The free stream along the center-line is oxygen (air) rich, and the gas near the wall is fuel rich. This situation results in a diffusion flame, typically a narrow "flame sheet", within the boundary layer, relatively close to the fuel surface. Since the fuel vaporization depends on the heat transferred from the flame to the wall, boundary layer analysis predicts the following fuel regression rate dependence on the mass flux in the port, G a "n r α Ο a where G a = (pu)^, and η should be about 0.5 for laminar boundary layer and 0.8 for turbulent boundary layer.
Experimentally it has been found that the average regression rate has a weaker dependence on the air mass flux, and is also dependent on the pressure (especially in low pressures), and on the incoming air temperature T a r = ap Τ G One can see that the fuel mass flow rate cannot be determined independently, since it is coupled with the port flow characteristics, especially the mass flux. Variation in the operating conditions (e.g. different altitude, speed, or angle of attack) and the increases in the port diameter and burning surface area which occur during combustion, will result in changes in the regression rate and fuel mass flow rate, and in deviations from the designed overall fuel to air ratio. 
Energetic Performance: Elements
The heat of combustion of the elements in gaseous oxygen is generally calculated in terms of the en- (e.g., polyethylene or polybutadiene) are also shown. Table 1 gives similar numerical thermochemical data for selected elements. 
16/
* Hydrogen is the only gas on this list and its density and energy density are very low, although the enthalpy of combustion is extremely high.
number. Hydrogen, which has the highest heat of combustion per unit mass, is the only gaseous material among all the peak energy (fuel) elements,
and cannot be used in a solid fuel propulsion device, unless it is a component in a solid compound consisting of additional elements. where η is the period number (see Table 2 ).
Periodic behavior is also exhibited by the heat of combustion per unit volume ("energy density").
However, as the density of the elements generally increases with the atomic number, the differences in the peak values from period to period are not that large. and therefore their energy density is relatively low.
Among the commonly used polymers, high-density polybutadiene is a relatively dense HC (ρ = 1.08 g/cc, -ρΔΗ = 11.3 kcal/cc). These values will be used as a base-line for evaluating other fuel components (see Figure 3 ). It should be noted that there are a number of HC materials (usually cyclic HC of special structure) with a density of about 1.6 g/cc.
Selection on the basis of energy density reveals a variety of elements with a much better potential performance than HC.
Β and Be have extremely high densities (almost three times higher than that of HC). However, there are a number of elements in the middle range (about two times higher than HC), among them a few heavy metals with a relatively low heat of combustion per unit mass (e.g., Ta, has -AH°R = 1.38 kcal/g, ρ = 16.6 g/cc, and -ρΔΗ°κ = 22.9 kcal/cc). Table 3 gives the ratio of energy density of some high performance elements vs. HC's (11.3 kcal/cc). 
Energetic Performance: Metal Hydrides
The energetic performance of some solid metal hydrides are summarized in Table 4 . In general (from the energy standpoint), metal hydrides may be very attractive, as the existence of hydrogen in their molecule usually increases the heat of com- bustion per unit mass over that of the metal itself. In the calculations, the combustion products used were the metal oxides for the pure metal combustion, and water vapor. Note that liquid and gaseous hydrides are not useful for the SFRJ. Unless otherwise indicated, the values of hydride density, p, and standard heat of formation (AH°f) were taken from Sarner /l/. Among the solid metal hydrides beryllium hydride has the highest heat of combustion per unit mass (18.13 kcal/g), higher than any metal. The solid borane BI 0 H 14 also exhibits very high heat of combustion per unit mass (over 15.5 kcal/g).
However, most metal hydrides have very low density (usually less than 1 g/cc) except for zirconium hydride (ZrH 2 ) with ρ = 5.67 g/cc and titanium hydride (TiH 2 ) with ρ = 3.9 g/cc.
TiH 2 has the highest energy density (heat of combustion per unit volume) of all hydrides (-ρΔΗ°κ = 19.92 kcal/cc) while that of ZrH 2 is 16.84 kcal/cc. Note that aluminum hydride (A1H 3 ) and aluminum borohydride [A1(BH 4 ) 3 ] are liquids at room temperature.
Energetic Performance: Metal Alloys; Intermetallic and Other Metal Compounds
Metal alloys and other metal compounds may have an advantage over the corresponding mixture of the individual elements when consideration is given to combustion and ignition characteristics, density and availability. In addition, they may have very high energetic potential. Borides, metalmetal compounds, carbides and somewhat less promising compounds, metal phosphides, are the most interesting materials. Table 5 summarizes the thermochemical properties and enthalpy of combustion of borides. Additional information on the characteristics of boron compounds can be found in Refs. /9/ and /10/. Table 6 gives some of the thermophysical properties of metal-metal compounds. Intermetallic compounds are discussed in details in Ref. /4/. Table 7 deals with selected carbides, and Table 8 presents some metal phosphides. More information on metal phosphides can be found in Ref. /12/. In all Tables, data in parentheses represent uncertain, approximate values.
Handling, Safety, and Cost Considerations
A. Metals
sidered with respect to their practical use, e.g., handling, toxicity and cost.
Aluminium: Rather common, easy to handle and inexpensive (to date about 70 c/lb).
Beryllium: Beryllium and its combustion products are very toxic, and the use of this metal in conventional propulsion systems seems impractical.
The higher performance materials will be con- Lithium and zirconium (powders) are major fire hazards. Aluminium and magnesium are minor fire hazard, and boron presents no problems. Note that A1B 12 (alloy) has the highest energy density among all fuel candidates, about 1% higher than that of elemental boron!
B. Metal Hydrides (1) Binary metal hydrides
Another very attractive components is boron carbide, B 4 C, which is the cheapest source of boron.
As its performance is very close to that of boron, it is highly recommended as a fuel candidate.
For all these high performance materials listed, the final selection should take into account factors associated with the combustion process, as these may be very significant.
Note that except for boron compounds, none of the other intermetallic compounds or metal carbides are of similar energy performance.
Although more energetic than HC, none of the metal hydrides (including boranes) look very attractive from the energy density standpoint, nor are the metal phosphides.
